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[1] A data-driven physical model of the energetic electrons in the Earth’s radiation belts,
called the Radiation Belt Environment (RBE) model, has been developed to understand
Earth’s radiation belt dynamics and to predict the radiation conditions found there. This

model calculates radiation belt electron fluxes from 10 keV to 6 MeV in the inner
magnetosphere. It takes into account the realistic, time-varying magnetic field and
considers effects of wave-particle interactions with whistler mode chorus waves. The
storm on 23—27 October 2002 is simulated and the temporal evolutions of the radial and
pitch angle distributions of energetic electrons are examined. The calculated electron
fluxes agree very well with particle data from the low-orbit SAMPEX and LANL
geosynchronous satellites, when the wave-particle interactions are taken into account
during storm recovery. Flux increases begin near the plasmapause and then diffuse
outward to higher L shells, consistent with previous findings from statistical studies. A
simplified version of the RBE model is now running in real time to provide nowcasting of
the radiation belt environment. With further improvements and refinements, this model
will have important value in both scientific and space weather applications.

Citation:

Fok, M.-C., R. B. Horne, N. P. Meredith, and S. A. Glauert (2008), Radiation Belt Environment model: Application to

space weather nowcasting, J. Geophys. Res., 113, A03S08, doi:10.1029/2007JA012558.

1. Introduction

[2] The Earth’s radiation belts consist of energetic elec-
tron (~100 keV to several MeV) and ions (~100 keV to
several hundred MeV) trapped in the magnetosphere rough-
ly from 1.2 < L < 8. The energetic electrons reside in two
distinct regions: the inner belt and the outer belt, which are
usually separated by the slot region (1.8 < L < 3) of depleted
particle populations. Pitch angle diffusion loss of electrons
by interacting with whistler mode plasmaspheric hiss is
believed to be the source of the slot region [Lyons et al.,
1972; Albert, 1994; Meredith et al., 2007]. The inner belt is
relatively stable while the outer belt is highly variable with
geomagnetic activity. The fluxes of energetic electrons in
the outer belt decrease during the main phase of a magnetic
storm due to adiabatic effect [Dessler and Karplus, 1961;
Kim and Chan, 1997]. Additional nonadiabatic processes
also contribute to the flux decrease in the storm main phase
[Green et al., 2004]. During the recovery phase the flux of
energetic electrons can change dramatically as well. While
approximately half of all moderate and intense storms cause
a net increase in the flux of energetic electrons by a factor of
2 or more, approximately a quarter of these storms result in
a net decrease in the fluxes by more than a factor of 2
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[Reeves et al., 2003]. This variability is caused by an imbal-
ance between acceleration, transport, and loss processes all
of which become enhanced during geomagnetic storms
[Horne, 2002; Thorne et al., 2005; Horne et al., 2006;
Summers et al., 2007]. The ratio of poststorm to prestorm
flux is related to the solar wind speed [Paulikas and Blake,
1979; Reeves et al., 2003] and the direction of the IMF B.
during the storm recovery phase [lles et al., 2002]. In some
major storms the flux enhancement takes place close to the
Earth and may even penetrate into the slot region [Baker et
al., 2004; Zheng et al., 20006].

[3] The intensification of the radiation belts has signifi-
cant impacts on the space environment. Moderate energy
(~10 to 100 keV) electrons can cause surface charging
effects and relativistic (~0.1 to 5 MeV) electrons can cause
deep-dielectric charging on space systems [Baker, 2001].
Therefore understanding the physical processes that are
controlling the development of the radiation belts during
active periods and being able to predict their variability
have both scientific and practical significance. Radial dif-
fusion has traditionally been considered to be the leading
transport and energization mechanism in the inner magne-
tosphere [Schulz and Lanzerotti, 1974]. However, it has
recently been suggested that electrons can be accelerated
efficiently by resonant wave particle interactions with
whistler mode chorus waves [Horne and Thorne, 1998;
Summers et al., 1998]. Several studies have shown an
association between relativistic electron flux enhancements
and prolonged periods of enhanced chorus amplitudes
lasting for the order of several days [Meredith et al.,
2002, 2003a; Miyoshi et al., 2003]. Furthermore, theoretical
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work suggests that the timescale for acceleration is typically
of the order of 1-2 d [Summers and Ma, 2000; Horne et al.,
2005a, 2005b], consistent with observations. These studies
suggest that wave acceleration by whistler mode chorus
waves should be included in realistic physics-based models
of the Earth’s radiation environment.

[4] A number of models have been established to simu-
late the radiation belt dynamics and to provide interpretation
for observable features. Two major approaches have been
taken in modeling the radiation belts: test particle and
kinetic formulations. Li et al. [1993] and Hudson et al.
[1996] performed guiding center simulations of the storm
sudden commencement on 24 March 1991 that was induced
by an interplanetary shock. They used different models for
the compressional electric fields but both studies were able
to reproduce the rapid formation of a “new” electron belt at
L ~ 2.5. Elkington et al. [2003] investigated the effects of
ULF waves on energetic electron dynamics by tracking their
guiding center motion in an asymmetric, compressed dipole
field. They found outer belt electrons are accelerated and
diffuse radially through drift resonance with Pc-5 ULF
waves. Using a test particle approach, Ukhorskiy et al.
[2006] simulated the evolution of outer belt electrons during
the magnetic storm of 7 September 2002. They found the
diamagnetic effect from the storm time ring current leads to
expansion of electron drift paths that intercept with the
magnetopause, producing significant irreversible loss of
energetic electrons at L > 5 during the storm main phase.

[5] Kinetic formulation is another commonly used tech-
nique to model the radiation belt. In a kinetic model the
equation of the particle distribution function is solved
analytically or numerically. One simple approach is based
on a standard radial diffusion equation with diffusion
coefficients driven by the solar wind conditions or geomag-
netic activity [Li et al., 2001; Albert et al., 2001]. Varotsou
et al. [2005] and Horne et al. [2006] combined radial
diffusion with acceleration and loss due to whistler mode
chorus waves and confirmed that wave acceleration by
whistler mode chorus is an important acceleration mecha-
nism in the outer radiation belt. In particular, Horne et al.
[2006] modeled a moderate storm due to a high-speed solar
wind stream, typical of the declining phase of the solar
cycle. They found that the accelerated (MeV) electrons are
transported both inward and outward and increase in phase
space density by a factor of 10 between 3.5 < L < 7. For
models that cover a wide range of energy, drift motion
must be considered since convection is an important trans-
port mechanism for lower-energy (<50 keV) particles
[Bourdarie et al., 1997; Zheng et al., 2003; Miyoshi et
al., 2006]. Using the relativistic RAM model with dipole
magnetic field, Miyoshi et al. [2006] simulated the dynamics
of energetic electrons during the October 2001 storm. They
reproduced the observed local time flux asymmetry for hot
electrons (30 keV). They also concluded that only convec-
tive transport and radial diffusion cannot explain the
enhancement of relativistic electrons seen during storm
recovery.

[6] A convection-diffusion model, namely the Radiation
Belt Environment (RBE) model, has been developed to
understand the radiation belt dynamics in order to predict
the flux variation during active times [Fok et al., 2001,
2005; Zheng et al., 2003]. The model was used to simulate a
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substorm injection during a dipolarization of the magnetic
field [Fok et al., 2001]. Observable features during sub-
storms, such as dispersionless injection and drift echoes, are
successfully reproduced. The electron flux enhancements
during two magnetic storms were also studied using the
RBE model [Zheng et al., 2003; Fok et al., 2005]. They
found energization by the inductive electric field and by
whistler mode waves are crucial for the flux increase during
magnetic storms.

[7] The RBE model has been improved to include wave-
particle interactions due to whistler mode chorus waves, to
have a higher-resolution in L shell, and extended to the
inner belt. In modeling the wave-particle interactions,
diffusion coefficients are taken from the Pitch Angle and
Energy Diffusion of Ions and Electrons (PADIE) code
[Glauert and Horne, 2005]. In this paper, we give a brief
description of the RBE formulation. We then present the
RBE simulation of the storm on 23—27 October 2002. The
calculated radiation belt electron fluxes are compared with
observations from the Solar Anomalous and Magnetospher-
ic Particle Explorer (SAMPEX) low-Earth orbit satellite
and Los Alamos National Laboratory (LANL) geosynchro-
nous satellites. The dynamics of the energetic electrons are
discussed and the distinct roles of transport and wave
acceleration are quantitatively examined. With real-time
solar wind speed, density, interplanetary magnetic field
(IMF), and Dst data as input, a simplified version of the
RBE model is running simultaneously to provide now-
casting of the radiation belt environment. Finally, we
discuss the potentials of the RBE model for space weather
applications.

2. Radiation Belt Environment Model

[8] The Radiation Belt Environment (RBE) model is a
kinetic model that calculates the temporal variation of the
phase space density of energetic electrons by solving the
following bounce-averaged Boltzmann transport equation
[Fok et al., 2001; Zheng et al., 2003]:

s
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where f; = fi(t, N\, @5, M, K), is the average distribution

function on the field line between mirror points. Here ); and
@; are the magnetic latitude and local time, respectively, at
the ionospheric foot point of the geomagnetic field line. M
is the relativistic magnetic moment and K = J/\/8m M,
where J is the second adiabatic invariant. The motion of the
particles is described by their drifts across field lines which
are labeled by their ionospheric foot points. The inner
boundary of ); is at 11.8°, corresponding to L = 1.06. The
outer edge of the model is bounded by field lines with ); at
70.2° and equatorial crossing at 10 Earth radius (Rp),
whichever is closer. The M range is chosen to well represent
the energy ranges of electrons from 10 keV to 6 MeV. The K
range is chosen to cover the loss cone so that particle
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precipitations can be estimated as well. Here «, is the
equatorial pitch angle and y = sinca,,. 7(y) is given by:

T(y) = / e @)

R, cos av

where R, is the radial distance in Ry of the field line
equatorial crossing. The integration is along the field line
from the equator to the mirror point. Here 7, is the particle
bounce period.

[o] The left-hand side of (1) represents the drifts of the
particle population, and the terms on the right-hand side of
(1) refer to diffusion and loss. The calculation of the
bounce-averaged drift velocities, (\;) and (¢,), were de-
scribed in detail by Fok and Moore [1997]. These drifts
include gradient and curvature drift and E x B drift from
convection and corotation electric fields. The effects of
inductive electric field due to time-varying magnetic field
are also taken into account implicitly in the model. For this
purpose we have assumed that field lines are rooted at the
ionosphere so that the inductive electric field there is zero.
However, the shapes of field lines at higher altitudes vary as
a function of time according to the magnetic field model. If
field lines are perfect conductors, the field line motion at
high altitudes, for example, at the equator, will generate an
induction electric field of the form,

Eind = —V, X BO (3)

where v, and B, are the field line velocity and magnetic
field at the equator.

[10] The first term on the right-hand side of (1) represents
particle diffusion in M as a result of energy diffusion due to
interactions with plasma waves. The relation between the
energy diffusion coefficient (Dgg) and the corresponding
coefficient in M (D,y,) is given as

oM\ ? E,+E\’
Dy = Dge (8_E) :DEE< o) ) (4)

where E, is the electron rest energy and B,, is the magnetic
field at the mirror point. The second term on the right-hand
side of (1) represents pitch angle diffusion from interac-
tions with plasma waves. For pure pitch angle diffusion
(E unchanged) in the (M, K) coordinates, we first map the
particle phase space density from the (M, K) to (E, ay)
coordinates, perform diffusion in «,, and then map the
updated distribution back to the (M, K) coordinates [Fok et
al., 1996]. The diffusion terms are followed by the loss term
of the loss cone, the boundary of which is assumed to
correspond to mirror height of 120 km. Particles in the loss
cone are assumed to have a lifetime of one half bounce
period (0.5 7).

[11] In this work, the bounce-averaged pitch angle and
energy diffusion coefficients, D, ., and Dy, are given by
the PADIE code [Glauert and Horne, 2005]. Only reso-
nance with lower-band whistler mode chorus (0.1 /., < f'<
0.5 f..) is considered. The presence of chorus waves is
confined between —15° and 15° magnetic latitude. The
exclusion of high-latitude chorus may cause underestima-
tion of the loss of electrons at energies >1 MeV [Horne and
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Thorne, 2003]. The diffusion coefficients are calculated as a
function of L shell, energy, pitch angle, and f,,./f.., the ratio
of plasma frequency to the cyclotron frequency, and given
by

fo 1 i
fce B Eo

(5)

To calculate f,./f;., which depends on the plasma density
(n.), we have embedded inside the RBE model the core
plasma model of Ober and Gallagher [Ober et al., 1997].
The plasma model calculates the temporal evolution of the
plasma flux tube contents and equatorial plasma density
distribution throughout the inner magnetosphere. The model
is driven by the same magnetic and electric fields as the
RBE code. The PADIE diffusion coefficients are scaled with
a chorus wave intensity of 10* pT?. To obtain the actual
diffusion coefficients, we estimate the chorus intensity at a
given location and time during the storm using the survey
of CRRES plasma wave data for lower-band chorus
presented by Meredith et al. [2001, 2003b]. For our
application the wave data were binned in L shell, magnetic
local time, and three levels of magnetic activity (Kp <2;2 <
Kp<4;Kp > 4).

[12] Equation (1) includes multiple terms of different
processes. We use the method of fractional step to decom-
pose the equation and solve only one term at a fractional
step [Fok et al., 1993]. To solve (1), we have to specify the
electric, magnetic fields, initial distribution, and particle
distribution on the nightside boundary, which is set at 10
Ry or the last closed field line. In this work, we use the
Tsyganenko 2004 model [7syganenko and Sitnov, 2005] for
the magnetic field and Weimer model [Weimer, 2001] for
electric field. The electric field is updated every time step
(3 s), since updating the electric field and the recalculation
of the E x B drift are computationally fast. Updating the
magnetic field, however, requires massive calculations of
field line tracing and integration along field line in order to
renew the particle energy and magnetic drift. The magnetic
field is thus updated every 5 min. The effect of radial
diffusion is integrated in these time-varying electric and
magnetic fields. The NASA trapped radiation model
(AESMAX) [Vette, 1991; Fung, 1996] is used for the initial
condition in the entire RBE spatial domain. The distribution
at the nightside boundary is assumed to be a kappa function
with density (V,,) and characteristic energy (£,,) modeled
by linear relations with the upstream solar wind conditions
[Zheng et al., 2003]:

Nps(1) = [0.02*N,, (¢ — 2hr) + 0.316]*/amu
Epy(t) = 0.016%V,, (¢ — 2hr) — 2.4 (©)

where N, is in cm 3, N,,, is the solar wind density in the
same unit, amu is the atomic mass unit of the electron, £, is
in keV, and V,, is the solar wind velocity in km/s. Note that
we assume a 2-h time lag between the plasma sheet
condition and solar wind condition at the dayside
magnetopause [Borovsky et al., 1998].

[13] Figure 1 summarizes the RBE model architecture
and logic. The only inputs to the model are the solar wind
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Solar Wind Speed, Density, IMF data; Dst (or symH), Kp data

A4

\ 4 A 4

Magnetic Field and
Electric Field Models

Plasmasphere
Model

—
0

Wave Plasma Sheet
Diffusion Model Model

v v

Radiation Belt Environment Model

y

Energetic Electron Flux
(10 keV — 6 MeV)

Figure 1.

speed, density, and IMF and geomagnetic indices Dst (or
symH) and Kp. The magnetic field and electric field models
are driven by Dst or symH, upstream solar wind speed,
density, and IMF. With the magnetic and electric fields
specified, the plasmasphere model solves the core plasma
density, which is used to calculate the plasma frequency
needed for the PADIE code. The diffusion coefficients are
then calculated for the chorus wave intensity determined by
the Kp value. The last piece is the plasma sheet distribution,
which is estimated from the solar wind density and speed
(equation (6)). With all the auxiliary models in place, the
RBE kinetic equation is solved to give the energetic electron

Model logic of the Radiation Belt Environment (RBE) model.

fluxes at all pitch angles in the inner and the outer radiation
belts.

3. Simulation of the Storm on 23-27 October
2002

[14] The storm on 23—27 October 2002 is a moderate
storm with minimum Dst¢ reaching —98 nT. The storm is
triggered by passing of solar wind pressure pulses and
southward IMF. Figure 2 plots the Kp, symH, solar wind
density and speed, and IMF B., B, measured from the ACE
satellite. The temporal resolution of the ACE data is 4 min

Kp

(nT)

SYM-H

i

Solar Wind

e

IMF
By(?ﬂf)

(nT)

B2(GSM)

10/25
year 2002

Figure 2. Kp, symH, solar wind density and speed, and IMF B., B, measured from the ACE satellite on
23-27 October 2002. The ACE data are 44 min shifted in time.
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Figure 3. Simulated 0.8 MeV electron flux at the magnetic
equator at quiet time, showing (left) the pitch angle
averaged flux and (right) the pitch angle anisotropy. The
white circles represent geosynchronous orbit.

and the data have been shifted by 44 min representing the
time for solar wind to travel from the satellite to the subsolar
point. The parameters plotted in Figure 2 are used to drive our
magnetic (T04) and electric (Weimer 2000) field models.
[15] Figure 3 shows the simulated equatorial electron flux
at 0.8 MeV during the quiet time before the storm. Figure 3
(left) is the pitch angle averaged flux and Figure 3 (right) is
the pitch angle anisotropy, defined as A= (., — j))/(j. +j)),
where j, and jj are perpendicular and parallel flux,
respectively. 4 = 0 represents perpendicular and parallel
fluxes are equal in magnitude, 4 > 0 perpendicular
distribution, and 4 < 0 parallel distribution. The white
circles in Figure 3 represent geosynchronous orbit. It can be
seen from Figure 3 (left) that the inner and the outer belts
are very well separated during quiet time. For this particular
energy, the peak flux in the outer belt is located at ~4.5 R.
In Figure 3 (right) a clear field-aligned pitch angle
distribution (PAD) is seen on the nightside extending from
dawn to dusk around the geosynchronous orbit. This field-
aligned feature of energetic electrons and ions on the
nightside has been observed [Sibeck et al., 1987; Garcia,
1996; Friedel et al., 2006] and is an effect of drift shell
splitting in the asymmetric magnetic field. Particles with
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different pitch angles injected from the nightside drift
differently to the dayside. To conserve the first adiabatic
invariant, perpendicular particles tend to drift farther away
from the Earth on the dayside where the magnetic field is
stronger for a given radial distance. Perpendicular particles
originated from the nightside geosynchronous orbit may be
lost when their drift paths come across the dayside
magnetopause. The drift paths of parallel particles are
relatively circular and have closed drift paths around the
geosynchronous orbit. As a result, more particles with field-
aligned pitch angles are seen on the nightside than
perpendicular particles. The strong aligned region (blue
partial ring in Figure 3, right) represents the difference
between the last closed orbit of field-aligned electrons and
that of the perpendicular particles.

[16] The energetic electron distribution is simulated
throughout the storm on 23-27 October 2002 using the
RBE model. Figure 4 plots the 0.8 MeV pitch angle
averaged flux at 0200 UT, 25 October at the beginning of
the recovery phase, 50 h into the simulation. Figure 4 (left
and middle) shows the equatorial flux and pitch angle
anisotropy with the same formats as Figure 3. It can be
seen that the electron flux in the inner part of the outer belt
has increased by an order of magnitude during the storm.
We will show later in the paper that this increase is mainly
coming from electrons interacting with chorus waves. The
field-aligned feature in the vicinity of the nightside geosyn-
chronous orbit persists the whole time of the event (Figure 4,
middle). On the other hand, perpendicular PADs are seen on
the dayside near the magnetopause. These distinct PADs at
night and day can be envisaged from the meridian view in
Figure 4 (right). The white curves are field lines with
equatorial crossing points at 6.6 Ry. Field-aligned distribu-
tions are characterized by lower flux at the equator than at
higher latitudes along the same field line. For the field
line highlighted at 0000 MLT, the equatorial flux is ~3 x
10> em™2 s7! keV™' sr! (cyan) and the flux at 40°
magnetic latitude is ~9 x 10> cm s~ ' keV ' st~ ! (green),
three times of the value at the equator. The perpendicular
distribution near the dayside magnetopause is also seen
from the relatively high flux around the equator. In the outer
belt where the electron flux is high, the enhancement is
dominated by perpendicular particles.

0.8 MeV electrons

-10 -5 0 5 10 -10 -5
RE
log flux (/keV/cm2/sr/s)
1.3 43 -1.0

@) 0

pitch angle anisotropy

-5
12.0 MLT 0.0 MLT
—-10
0 5 10 -10 -5 0 5 10
RE RE
log flux (/keV/cm2/sr/s)
m
1.0 1.3 4.3

Figure 4. Simulated 0.8 MeV electron flux at the magnetic equator 50 h into the simulation at 0200 on
25 October 2002 (left, middle) in the same format as Figure 3 and (right) showing the electron flux at the
noon-midnight meridian. Here, the white traces represent field lines with equatorial crossings at

geosynchronous orbit.
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Geosynchronous Electron Data starting 10/23/2002

LANL SOPA Satellite Data
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Figure 5.
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Radiation Belt Environment Model Data
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(left) LANL SOPA geosynchronous electron fluxes compared with (right) RBE simulated

fluxes at three longitudes during the storm on 23—27 October 2002.

[17] Next we examine the storm time development of the
outer belt and assess the ability of the RBE model to
reproduce the observed electron flux during this event.
Figure 5 (left) plots the observed electron fluxes at the
geosynchronous orbits from the LANL Synchronous Orbit
Particle Analyzer (SOPA) data and Figure 5 (right) plots the
RBE simulated fluxes, at three geographic longitudes:
7.7°E, 70.0°E, and 165.4°W. The SOPA fluxes decrease
during the storm main phase on 24 October (Dst effect).
Electron fluxes start to recover toward the prestorm levels at
late main phase. The fluctuations in the SOPA fluxes on
26 October are results of substorm activity. The simulated
fluxes (Figure 5, right) exhibit similar temporal variation as
those of the SOPA data, and in general the magnitudes agree
very well with the data. However, the flux recovery starts
earlier than the observed data, and the model fluxes lack
substorm-type fluctuations.

[18] The temporal evolution of the radial profile of
radiation belt particles during a storm provides important
clues to identify the energization mechanisms, such as radial
diffusion and wave acceleration. Figure 6 shows 2—6 MeV
electron fluxes from the Proton/Electron Telescope (PET)

on SAMPEX as a function of L shell and time for 23—
27 October 2002 (Figure 6, top). SAMPEX orbits the Earth
at 520 x 670 km altitude and 82° inclination [Baker et al.,
1993]. It samples magnetic field lines at the ionosphere that
thread the entire radiation belts every orbit period
(~90 min). PET is a zenith-pointing solid state telescope
measuring electrons from 2 to 30 MeV. These electrons are
either trapped particles mirroring at SAMPEX altitudes or
are precipitating into the atmosphere. The latter may be in
the drift loss cone and/or the local bounce loss cone
depending upon the longitudinal position of SAMPEX
[Cook et al., 1993]. The SAMPEX fluxes shown in Figure
6 are with orbit resolution and smoothed over 15 orbits. As
shown in the figure, the outer belt, slot region, and inner belt
are clearly separated in this time period. The enhancement
at L ~ 3.4 on 23 October is a remnant from the activity
taking place earlier in the month. When the storm commen-
ces on 24 October, clectron fluxes start to decrease. Near the
peak of the storm on late 24 October to early 25 October,
electrons drift to higher L shells as a result of the ring
current buildup. In the recovery phase, electron fluxes
gradually increase. Flux enhancements are first seen at 3 <
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SAMPEX: electrons: 2.0 - 6.0 MeV
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Figure 6. (top) SAMPEX 2-6 MeV electron L-time

diagram during the storm on 23—27 October 2002 and
RBE simulated fluxes in T04 magnetic field (middle) with
and (bottom) without inclusion of wave-particle interac-
tions, respectively.

L < 4.5 and then expand in both inward and outward
direction.

[19] Figure 6 (middle and bottom) shows RBE simulated
fluxes displayed in the same layout as the SAMPEX L-time
plot. Note that the RBE data are equatorial fluxes rather than
fluxes at the ionosphere as the SAMPEX data. However, as
has been shown by Kanekal et al. [2001, 2005], the
temporal variability of low-altitude fluxes measured by
SAMPEX is nearly identical with the equatorial fluxes,
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especially during geomagnetic storms. The L values in the
RBE plots are calculated by:

v

(7)

cos? \;

where 7; is the ionosphere distance in Rz and ); is the
magnetic latitude of the ionospheric foot point of the
magnetic field line. The color scales of the SAMPEX and
RBE data are different. The RBE fluxes are higher
compared to SAMPEX since the latter observes a smaller
part of the equatorial pitch angle distribution. The RBE
fluxes with the inclusion of wave-particle interactions
(Figure 6, middle) show similar features as the SAMPEX
data. One exception is the high intensity found in the
SAMPEX data on 23 October is not seen in the simulation.
This is due to the fact that the RBE model uses the statistical
model, AESMAX, as initial condition and does not take into
account the previous activity. When the storm hit, the flux
decrease in the outer belt is also seen in the simulation. In
the storm recovery, the RBE model reproduces the observed
flux enhancements at about the same L shells.

[20] To identify the responsible mechanism for the flux
increase, a test run is performed without the chorus wave-
induced diffusions (Figure 6, bottom). Two high-flux bands
are seen at around L = 3.2 and 4 during the storm recovery.
The enhancement at L ~ 3.2 comes from inward radial
diffusion of electrons at higher L shells. The strong flux at
L ~ 4 is result of particle injection during the storm main
phase. When wave diffusions are included (Figure 6,
middle), the enhancement at the inner edge of the outer
belt is diminished as a result of pitch angle diffusion loss.
On the other hand, with the seed population created from
particle injection, energy diffusion at L ~ 4 produces the
flux increase in the outer belt. This enhancement cannot be
explained by radial diffusion and storm injection alone. Our
simulations confirm that local acceleration by wave particle
interactions with whistler mode chorus can account for the
flux enhancement in the center of the outer belt during the
recovery phase of this storm.

[21] It is well established that strong chorus acceleration
of energetic electrons takes place just outside the plasma-
pause where f,,./f.. is relatively low [Summers et al., 1998;
Horne et al., 2006]. To demonstrate our calculation is
consistent with this theory and to examine in detail how
the enhancement region evolves with time, simulated 2—6
MeV electron fluxes as a function of L and time are
replotted in 1-h temporal resolution (Figure 7, top). Figure
7 (middle and bottom) shows the Ober plasma density and
Jrelfcer respectively. Here f,./f.. is plotted only for 2.5 <L <
6.5, since this is the L range over which the wave particle
interactions are introduced into the model. It can be seen
that during storm recovery the values of f,./f.. are low
outside the plasmapause at 3 < L < 4. This is the region of
favorable chorus-electron interactions and electron fluxes
start to increase at this location and time (Figure 7, top). As
wave-particle interactions continue, the high-flux region
extends to higher Ls and, to a less extent, to low L shells.
The expansion of the flux enhancement is a result of radial
diffusion since the active wave interaction region is shrink-
ing in late recovery phase as indicated by the increasing
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RBE electron: 2.0 - 6.0 MeV
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Figure 7. (top) RBE 2-6 MeV electron flux, (middle)
plasmasphere density, and (bottom) @,,./¢,.

Jpelfee ratio. Green and Kivelson [2004] examined the
energetic electron data from POLAR/HIST instrument for
acceleration event between January 1997 and January 1999.
They conclude that the data is best explained by accelera-
tion of an internal source and then outward radial diffusion
to geostationary orbit. Furthermore, Varotsou et al. [2005]
and Horne et al. [2006] found that local acceleration by
whistler mode chorus waves followed by inward and
outward radial diffusion can populate the entire radiation
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belt at high energies. The RBE simulation is consistent with
these findings.

4. Space Weather Application

[22] As shown in Figure 1, the only inputs to the RBE
model are solar wind speed, density, and the IMF, Dst, and
Kp data, which are all available near real time in public Web
sites. Even with increasing complexity, the RBE CPU
simulation/real time ratio is close to 1 when running on a
fast PC. The RBE model thus has great potential in space
weather applications in providing specification of the radi-
ation environment in geospace. A simplified version of the
RBE model, using fewer grid points in M and K, is currently
running in real time to provide radiation belt nowcasting
updated every 15 min. The geosynchronous fluxes at
longitudes of GOES-11 and 12 are extracted from the
RBE real-time run and are plotted together with real-time
GOES electron (>0.6 MeV) data. The model-data compar-
ison is continually posted at http://mcf.gsfc.nasa.gov/
RB_nowcast/. Figure 8 shows the RBE prediction and the
GOES data for the month of December 2006. The input data
to the RBE model are plotted in the bottom. The real-time
version of the RBE model does not include wave-particle
interactions and thus Kp is not one of the input parameters.
As shown in Figure 8, the RBE model agrees well with the
GOES data. The simulation faithfully reproduces the diurnal
variation due to the offset of geographic and magnetic
equators. The RBE model also closely follows the observed
flux drop-off in response to decreasing Dst. The model
performance is less exemplary during quiet conditions,
where the predicted flux is usually lower than observed.
Wave-induced diffusion is being implemented in the real-
time version of the RBE model. We expect these additional
processes will improve the prediction accuracy not only at
the geosynchronous orbit but, more importantly, at the heart
of the radiation belt. It should be emphasized that the
measurements presented in Figure 8 are all real-time data
without any selection or noise removal.

[23] The RBE model is an effective tool to predict the
response of the radiation belts to adverse solar wind con-
ditions. However, the current design allows the model to
perform near real-time nowcasting only. To enhance the
space weather applications of the model, it must provide
hours to days of lead time in forecasting. To accomplish this
goal, the RBE code must be improved to yield higher
predictive accuracy. The model is then ready to be
connected to a model that is able to specify the upstream
solar wind conditions with sufficient lead time. Solar wind
models of this kind have been established or are under
development [Fry et al., 2001; Detman et al., 2006]. The
merger of radiation belt and solar wind models represents a
very worthwhile future effort in space weather applications
[Akasofu, 2001].

5. Discussion and Conclusions

[24] In equation (1) there is no explicit description of
radial diffusion transport in the RBE model. As we men-
tioned above, the effects of radial transport are represented
by the time-varying magnetic and electric fields. Since we
only update the magnetic field every 5 min, we are missing
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Figure 8. (top) Comparison of GOES electron fluxes (>0.6 MeV) with real-time RBE output at GOES

satellite locations and (bottom) inputs to the RBE model.

the diffusive effects from the high-frequency Pc4—Pc5
fluctuations. In our previous studies [Fok et al., 2001;
Zheng et al., 2003], we have included a radial diffusion
term in the kinetic equation with diffusion coefficient given
by Cornwall [1972]. We found, during magnetic storms, the
transport due to time-varying magnetic field configuration is
much larger than that from pure radial diffusion. The effect
of radial diffusion may be stronger if the improved, realistic
diffusion coefficients are used [i.e., Elkington et al., 2003].

[25] The RBE model is sensitive to its auxiliary models:
magnetic field model, electric field model, plasma sheet
model, plasmasphere model, and the wave-diffusion model.
Inaccuracy in these models will limit the RBE performance.
A good example is the selection of the magnetic field
model. It is well known that the motions of energetic ions
and electrons are strongly controlled by the magnetic field
configuration. To illustrate the effects of magnetic field on the
RBE results, the October 2002 event is rerun using the
Tsyganenko 96 (T96) model [Tsyganenko, 1995; Tsyganenko
and Stern, 1996]. The T96 model does not consider the
contribution from the partial ring current and the history of
solar wind parameters, as all these effects are included in the

T04 model. Figure 9 shows the L-time plots of the simulated
electron flux in T96 magnetic field with (Figure 9, top) and
without (Figure 9, bottom) chorus wave interactions. We first
compare the electron fluxes calculated in the two Tsyganenko
models in the absence of VLF waves. It can be seen from
Figure 9 (bottom) that a flux enhancement is found at L ~ 3.2
during the storm recovery on 25—26 October, similar to but
with lower intensity than that using the T04 model (Figure 6,
bottom). Furthermore, in the T96 case, there is no noticeable
enhancement at L ~ 4 as in the T04 case. The lower flux in the
RBE-T96 run indicates that the T96 model underestimates
the storm time magnetic field disturbances and thus the
efficiencies of radial diffusion and particle trapping. Since
the T96 model fails to provide a substantial seed population
in the outer belt, including chorus associated diffusion only
produces a weak enhancement there at late recovery
(Figure 9, top).

[26] We have shown very good agreement between the
RBE simulation results and actual SAMPEX and geosyn-
chronous particle data. Nevertheless, more work can be
done to improve the model further. Cross-diffusion in
energy and pitch angle, which has been found to be
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Figure 9. L-time diagrams of RBE simulated electron flux
in T96 magnetic field with (top) and without (bottom)
wave-particle interactions.

important [Albert and Young, 2005], has not been included
in the model. Interactions with high-latitude whistler mode
chorus and other waves, such as electromagnetic ion cyclo-
tron waves and plasmaspheric hiss, should be considered as
well. The diffusive effects caused by ULF waves with
realistic diffusion coefficients should be reconsidered. The
boundary condition of the RBE model (equation (5)) may
be oversimplified and does not currently include the effects
of substorm injection. All these processes will be introduced
into the simulation and explored in future studies.

[27] During quiet periods, the outer belt, the slot, and the
inner belt are well-defined regions. However, during intense
storms, significant flux increases are seen in the slot region
[e.g., Baker et al., 2004] and even deep into the inner belt.
The penetration distance has been found to be controlled by
the strength of the storm as indicated by the Ds¢ index
[Tverskaya, 1986, 1996; Tverskaya et al., 2003; Zheng et
al., 2006]. On the other hand, the plasmapause displaces in
a similar manner. Li et al. [2006] found a remarkable
correlation between the inner edge of the outer belt elec-
trons and the plasmapause location. Since strong chorus
acceleration of electrons takes place near the plasmapause
[Horne et al., 2006], the storm time erosion of the plasma-
sphere may place the electron acceleration zone, and thus
flux enhancement, very close the Earth to the typical slot
and inner belt regions. This hypothesis was tested during the
Halloween storm in 2003 [Baker et al., 2004]. It was shown
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that the enhanced flux of energetic electrons that appeared
in the slot region can be explained by wave acceleration by
whistler mode chorus waves [Horne et al., 2005; Shprits et
al., 2006].

[28] As shown in section 3, simulations from the RBE
model provide an explanation of the flux enhancements
seen by the SAMPEX satellite during a particular storm.
The RBE model will be even more relevant to the upcoming
Living With a Star Radiation Belt Storm Probe (RBSP)
mission, which has a low-inclination orbit and broad parti-
cle and wave measurements (NASA/TM-2002-211613).
The RBE or RBE-like models will be very useful in future
RBSP data analysis and interpretation. On the other hand,
data from the RBSP mission can be used to probe the
importance of specific physical processes in the model.

[20] In summary, a physics-based Radiation Belt Envi-
ronment (RBE) model has been developed to understand the
radiation belt dynamics and provide real time predictions of
the radiation belt environment that can be compared with
existing and new data sets. To date the findings from this
model development work include:

[30] 1. In modeling the storm on 23—27 October 2002,
acceleration by chorus waves is found to be responsible for
electron enhancement at the center of the outer belt.

[31] 2. The RBE model is running in real time to provide
nowcasting of the radiation environment. The RBE fore-
casting capability will be enhanced if it is connected to a
solar wind forecast model.

[32] 3. Future improvements of the RBE model include
adding substorm effects, considering additional wave modes
and cross-diffusion.
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